This study investigated cycling performance of middle-aged (30-45 years old; n = 30) versus older (65+ years; n = 31) participants during low-speed tasks for which stabilization skills are known to be important. Additionally, participants' self-ratings of their cycling skills and performance were assessed. Participants rode once on a conventional bicycle and once on a pedelec, in counterbalanced order. Three standardized tasks were performed: (1) low-speed cycling, (2) acceleration from a standstill, and (3) shoulder check. During Tasks 1 and 3, the mean absolute steering angle (a measure of the cyclist's steering activity) and the mean absolute roll rate (a measure of the amount of angular movement of the frame) were significantly greater for older participants than for middle-aged participants. These large lateral motions among older cyclists may indicate a difficulty to control the inherently unstable system. Comparing the conventional bicycle and the pedelec, participants reached a 16 km/h threshold speed in Task 2 sooner on the pedelec, an effect that was most pronounced among the older participants. Correlations between skills assessed with the Cycling Skill Inventory and actual measures of cycling performance were mostly not statistically significant. This indicates that self-reported motor-tactical and safety skills are not strongly predictive of measures of actual cycling performance. Our findings add to the existing knowledge on self-assessment of cycling skills, and suggest that age-related changes in psychomotor and sensory functions pose hazards for cycling safety.
Introduction
Across the period 2000-2009, a steady decline in cycling fatality rates has occurred in Europe, but the number of seriously injured cyclists has actually increased in the Netherlands (see OECD/ITF, 2013 for international trends in cycling safety). When expressed per kilometer traveled by bicycle, older cyclists (aged 65 or over) are the most vulnerable group (SWOV, 2013) . Factors that may explain the increase of seriously injured cyclists are (1) population aging associated with a decrease of physical and cognitive functions (increasing the likelihood of a crash) and an increase of fragility (increasing the likelihood http://dx.doi.org/10.1016/j.trf.2016.06.018 1369-8478/Ó 2016 Elsevier Ltd. All rights reserved. prevention of poor decision making and risky behaviors (Horrey, Lesch, Mitsopoulos-Rubens, & Lee, 2015; Keskinen & Hernetkoski, 2011; Kuiken & Twisk, 2001) .
With the aim of investigating whether car drivers have an accurate perception of their own skills, several different methods have been used (Sundström, 2008) . Sometimes (a) drivers had to compare their skills with the skills of the 'average driver' or their peers, (b) drivers had to rate their own skills on specific aspects of driving skill such as is in the Driving Skill Inventory (Lajunen & Summala, 1995) , or (c) the self-reported skill was compared with actual driving performance. Research on the self-assessment of cycling skills is scarce. In early studies by Daniels, Zajkowski, and Drury (1976) and Drury and Daniels (1980) , cyclists (n = 25) rated their riding skills (from extremely skilled to no skill) and cautiousness (from extremely cautious to not cautious) and performed four cycling exercises (slalom, circle speed, braking, and straight line tracking). Of the reported correlations between self-assessed skill/cautiousness and ten objective measures of riding speed and accuracy, only two correlations were statistically significant: self-rating of skill correlated positively with average speed in a circle exercise, and self-rating of caution correlated negatively with stopping distance. These findings suggest that self-assessment of cycling skill might not be strongly predictive of actual cycling measures.
The present study
The study in this paper is part of a larger field operational test with an instrumented conventional bicycle and a pedelec conducted at the SWOV Institute for Road Safety Research in the Netherlands from July until September 2013. The aim of this field test was to assess the effect of pedelecs on cycling performance and behavior among middle-aged versus older persons, with an emphasis on cycling safety. The field test consisted of a 30-min ride on a pedelec and a 30-min ride on a conventional bicycle. After each of these two rides, the participants conducted standardized exercises on an empty parking lot. In addition to collecting objective data measured by devices mounted on the bicycles, questionnaires were administered prior and after the field testing, and cyclists' workload, balance, and grip strength were measured.
Previous publications on this field test have focused on rider behavior (speed choice) and workload during the 30-min rides (Vlakveld et al., 2015) , on the specific procedures during mounting maneuvers in relation to rider speed and balance (Platteel, Twisk, & Lovegrove, 2015) , and on self-reported skills of older versus middle-aged cyclists (De Groot-Mesken & Commandeur, 2014) . The present study focuses on cyclists' performance during three exercises on an empty parking lot: (1) low-speed cycling, (2) acceleration from a standstill, and (3) shoulder check. Our first aim was to investigate cyclists' performance regarding the control of a conventional bicycle and a pedelec, and to establish how this performance is associated with participants' age, reaction time, and grip strength. The second aim was to investigate how rapidly cyclists accelerate, and which speeds they adopt during these exercises. The third aim was to assess cyclists' self-ratings of their general cycling skills and performance during the field test, and to examine the correlation between general cycling skills and actual cycling performance. Specifically, this study addressed the following four research questions.
(1) How is age associated with cycling performance and speed? (2) Do participants on a pedelec adopt different speeds than the same participants on a conventional bicycle? (3) How strongly are self-reported general cycling skills correlated with actual cycling performance? (4) Do participants believe that they performed particular skills better on the conventional bicycle than on a pedelec, or vice versa?
Method

Participants
Sixty-one participants were recruited through invitation letters, flyers, and the SWOV research participant database. Addresses for dissemination of the invitation letters were obtained from a marketing/communication company based on two age groups (30-39 vs. 65-79 years) and living area (The Hague and its surroundings). Five hundred letters were sent to the middle-aged group and another 500 letters were sent to the older-age group. Only persons who cycled regularly and who were in good health were eligible to participate. Pedelec riding experience was not required (1 middle-aged and 9 older participants reported that they own a pedelec). Moreover, only persons who were either 30-45 years old or 65 years old or older were included in the study.
Demographic characteristics of both age groups are shown in Table 1 . One participant withdrew from the study due to safety reasons and one participant was excluded from the analyses because of a failure of the speed-measuring device. In addition, one participant was excluded from the analyses of Task 2 because of not performing the task correctly. Seven participants were excluded from the analyses for Task 3 due to technical problems with the rider-facing camera (1 participant), not performing the task correctly (2 participants), and participants' withdrawal from the task (4 participants). The withdrawn participants considered the task as difficult and decided to not complete the task after (a) hearing the instruction (1 participant) or (b) an incorrect first try (3 participants).
Data collection and procedure
Prior to the test day, participants received a self-report questionnaire with items on demographic characteristics, travel behavior, and skills (Cycling Skill Inventory; De Groot-Mesken & Commandeur, 2014) . At the beginning of the testing session, the details of the study were explained to the participants, after which an informed consent form was signed 1 . Prior to riding the instrumented bicycle, participants' grip strength and baseline reaction times on the peripheral detection task (PDT) were measured (see Vlakveld et al., 2015 for a description of PDT). Next, participants were equipped with the bicycle helmet, PDT equipment, and a backpack. The field experiment was conducted in daylight and dry weather conditions. Each participant rode the approximately 3.5 km long route four times: one practice ride and one test ride on both the conventional bicycle and pedelec. After the test ride on each bicycle, participants were asked to perform four standardized tasks on the parking lot area: (1) cycling at low speed, (2) accelerating up to 17 km/h and then brake, (3) indicating direction with the left hand and looking backwards, (4) mounting and dismounting. Thus, a participant rode a practice ride, a test ride, and performed tasks on the empty parking lot on the one type of the bicycle (i.e., conventional bicycle or pedelec). After this, the participant returned to the starting point to change the bicycle and repeated the procedure with the other type of bicycle. The order of bicycle type was counterbalanced across participants. The first three tasks on the parking lot were analyzed in the present study. The PDT device was switched off during the parking lot exercises. For a detailed description of the 3.5 km long route, see Vlakveld et al. (2015) .
At the end of the experiment, a final questionnaire on the participants' performance when riding both bicycle types (Cyclist Self-Assessment Scale) was administered. Each session lasted approximately 2.5 h and at the end, participants were reimbursed for their time with a gift card. All instructions and questionnaires were provided to the participants in the Dutch language.
Apparatus
Cycling data were collected by two instrumented bicycles (see Fig. 1 ), which were the same model with step-through frame. The pedelec was a Batavus Socorro Easy model 2012. This bicycle had a rear wheel hub motor that could deliver a maximum power of 250 W and a maximum torque of 40 Nm. The electrical assistance was controlled by a pedal force sensor. The pedelec weight was 27.4 kg and was 11.4 kg heavier than the conventional bicycle. The electric engine provided pedaling assistance only when the cyclists pedaled and only up to a speed of 25 km/h. Power support could be set to four levels: no support, low support, normal support, and high support. In the present study, 'normal support' was set and participants were requested to not change this during the whole experiment. Each bicycle had 21 gears. Participants were allowed to change gears when riding the conventional bicycle. However, participants were asked to not change gears when riding the pedelec. The gear ratio influences the force that participants put on the pedals, which in turn determines the power supplied by the support system. By keeping the gear ratio constant, all participants received the same amount of pedaling support at a given speed.
For measuring steering angle, a potentiometer with angular range up to 360 degrees was mounted at the steering shaft. To measure the roll rate of the bicycle, a single axis sensor (Silicon Sensing CRS03) mounted on the back of the bicycle was used. Speed was measured with a generator embedded in the hub of the front wheel. Steering angle, roll rate, and speed data were logged at a sampling rate of 50 Hz. To inform cyclists about their speed, a display was mounted on the handlebar.
Description of the tasks
The tasks conducted on the parking lot area were offered to all participants in the same order. The instruction for each task was provided after completing the previous task. In case a participant did not complete a task correctly for the first time, two more tries were offered (one more try for Task 3). In all tasks, participants were instructed to ride straight ahead but no straight-line markers on the ground were available. The instruction and exclusion criteria for each task were as follows:
2.4.1. Task 1: Low-speed cycling The instruction for the participants was the following: ''When I whistle, start cycling slowly at 7 km/h until you reach the last pylon. Next, you can turn around and cycle back at your own pace."
Task 2: Accelerating
The participants received the following instruction: ''Try to reach a speed of 17 km/h as quickly as possible and subsequently come to standstill by braking as hard as possible. You do not have to get off the bike." Due to large individual differences in braking (from rapid/immediate braking to slow/continuous braking), only the acceleration part was analyzed in the present study. One participant was excluded because she did not reach the instructed speed.
Task 3: Shoulder check
The participants were instructed as follows: ''When I whistle, start cycling at your own pace. When passing the first traffic pylon, please indicate direction with your left hand, and when I whistle again look over your left shoulder. Try to see how many hands I raise (zero, one, or two)". Fig. 2 shows an overview of the subtasks of Task 3. It should be noted that there were individual differences in the way participants carried out the particular subtasks. Left-hand-turn and looking-over-the-leftshoulder events were coded based on the videos recorded by the rider-facing camera. Two participants were excluded because they did not continue straight after performing the subtasks, that is, started to turn the bicycle to the left while looking backwards and/or indicating direction by hand. Participants who did not report correctly how many hands the experimenter raised but otherwise performed the exercise correctly were not excluded (6 participants).
Measures
Cycling performance
The following cycling performance measures were calculated for each task, for each participant, and for both bicycles: Mean absolute steering angle (deg). This measure is the absolute steering angle averaged across time. A large mean absolute steering angle might indicate difficulty in balancing and controlling the bicycle when cycling straight.
Mean absolute roll rate (deg/s). The mean absolute roll rate was used as a measure of the lateral movement speed of the bicycle frame. The bicycle roll rate is closely linked with steer rate as well as with pedaling activity (Moore, Kooijman, Schwab, & Hubbard, 2011) . A large mean absolute roll rate might indicate difficulties with stabilizing the bicycle. R 2 between roll rate and steering rate (between 0 and 1). The peak value of the cross-correlation between roll rate and steering rate was squared to yield a R 2 , being a measure of the similarity between the two signals. The same way of calculating the cross-correlation between bicycle roll rate and steer rate was also used in a previous study on cyclists' performance (Cain, 2013) . This measure was calculated only for Task 1 since it was the only task in which the participants rode the bicycles at constant speed across the whole exercise.
Time delay between roll rate and steering rate (s). The corresponding time delay is a measure of how much the steering signal lags behind the roll signal. This measure was calculated also only for Task 1.
Mean speed (km/h). The mean speed was used as a measure of cycling speed. Total time (s). The total time was used as a measure of time to complete the (sub)task. For Task 1 (low-speed cycling), since the speed and total distance slightly varied across the participants, some participants completed the task in a shorter time than others. In order to have the same amount of data for each participant, data from 5 up to 20 s (approximate time when all participants had reached the instructed speed of 7 km/h) were analyzed. For Task 2 (accelerating), the above measures were analyzed from the moment the participant rode faster than 0 km/h until reaching 16 km/h. The threshold speed used in the analysis was set at 16 km/h instead of the instructed speed of 17 km/ h in order to apply a small buffer that can account for a potential difference/lag between the actual speed and the speed displayed by the device on the handlebar. For Task 3 (shoulder check), the analysis was divided into two parts: (1) '3 s before head start -head start' and (2) 'head start -head end'. This way, we made a distinction between a 3 s relatively stationary period prior to head/body movement, and the period during head/body movement.
Self-reported cycling skills and performance
The Cycling Skill Inventory (CSI; De Groot-Mesken & Commandeur, 2014) is a 17-item scale for assessing an individual's self-reported cycling skills. The CSI was developed based on the taxonomy of motor skills and safety skills that is typically found among car drivers (Lajunen & Summala, 1995) . The CSI items were produced by selecting items from Lajunen and Summala's Driver Skill Inventory (DSI) that are relevant also to cyclists (e.g., ''knowing how to act in particular traffic situations") and by creating several new skill items that are cycling-specific (e.g., ''cycling when it is slippery"). Participants were asked to compare themselves with an average cyclist of the same age. The response options for each item were: 1 (much better), 2 (better), 3 (the same), 4 (worse), and 5 (much worse).
In another questionnaire -Cyclist Self-Assessment Scale (CSAS), participants rated their performance during their test rides (i.e., 3.5 km rides and exercises on a parking lot) after the entire field testing for the conventional bicycle versus the pedelec. This scale was developed to assess self-ratings of the particular tasks that were performed in the field test. Participants were required to tick a bullet on a seven-point scale (without numbering), in which one pole was the conventional bicycle and the other pole the pedelec. The closer participants indicated their response to one type of bicycle, the more they believed they were able to perform the particular skill better during their test rides on this bike. Response place in the middle of the scale indicated that participants were able to perform the skill equally well on both bicycles. Only items that were related to the first three tasks were analyzed; they were as follows: accelerating from standstill, bicycle control, turning, braking/stopping, keeping balance, and obtaining/maintaining speed.
Grip strength and reaction time
The participants' grip strength was recorded using a dynamometer. The handle grip of the dynamometer was adjusted to ensure that it is comfortable in the hand of the participant. The participants were asked to squeeze as hard as possible for about 2 s. The task was performed twice for each hand with a resting period of 15-20 s.
The participants' baseline reaction time was measured using the PDT device while participants were standing next to the bicycle prior to the first practice ride. Participants were asked to respond to the LED light as quickly as possible by pushing a button. The LED light was switched on for 1 s at a time. The inter-stimulus interval was 3-5 s (determined at random) and the task lasted three minutes in total. Thus, a participant performed about 36 reaction time trials in total.
Statistical analyses
First, cycling experience, grip strength, and reaction time among the two age groups were described using the mean and standard deviation. Differences for age were analyzed with independent two-sample t tests. The grip strength was averaged across four trials, and the baseline reaction time was averaged across approximately 36 trials. Next, the factor structure of the Cycling Skill Inventory was assessed. Items of the CSI were subjected to principal axis factor analysis (PAF) followed by direct oblimin rotation. PAF is one of the most common types of exploratory factor analysis (Conway & Huffcutt, 2003; De Winter & Dodou, 2012) . Exploratory factor analysis is a statistical method that attempts to explain the off-diagonal elements of correlation matrix in terms of a small number of common factors; it closely resembles principal component analysis, which is essentially a data reduction method. A minimum factor loading of .30 was used for considering an item to be part of a factor. The mean scores of the CSI factors and the CSAS items were compared between middle-aged and older participants using an independent two-sample t test. In addition, frequencies of self-ratings of participant's cycling performance (CSAS) were calculated.
A data quality check revealed that there were some differences in the characteristics (e.g., noise characteristics) of the steering angle and roll rate measurements between the two bicycles. Because even the slightest difference in calibration, sensor fabrication, or sensor attachment would invalidate conclusions, we refrain from interpreting steer and roll differences between the conventional bicycle versus pedelec on the steering and roll rate measures. However, any age effect should still be valid, because all participants rode both bicycles, and because middle-aged and older participants were sampled more or less alternately (i.e., there was no correlation between participant number and age [r = 0.01, N = 61]).
Prior to the statistical analysis of the data collected on instrumented bicycles, the steering, roll rate, and speed signals were filtered with a forward and reverse low-pass filter with a cut-off frequency of 7.5 Hz, 7.5 Hz, and 2.5 Hz, respectively.
Differences between middle-aged and older cyclists in steer and roll rate measures (averaged across both types of bicycles) were analyzed with independent two-sample t tests. The mean speed averaged across the time of the (sub)task and time to complete the (sub)task of older participants on a conventional bicycle and a pedelec were compared to those of middle-aged participants. A 2 Â 2 mixed design analysis of variance (ANOVA) was performed, with (1) bicycle type (conventional bicycle vs. pedelec) as within-subjects factor, (2) age (middle-aged vs. older participants) as between-subjects factor, and (3) bicycle type Â age group as interaction factor.
In order to explore the relationships between demographic variables, cycling frequency, weekly distance traveled, grip strength, reaction time, self-reported cycling skills (measured by the CSI), and actual cycling performance, Spearman's rank order correlation coefficients were computed. In calculating these correlation coefficients, the cycling performance measures were averaged across both types of bicycles.
Results
Descriptive results
Descriptive statistics for cycling experience, grip strength, and reaction time are presented in Table 2 . Middle-aged participants rode their bicycle more often than older participants did. Middle-aged cyclists squeezed the dynamometer significantly harder than older cyclists. The mean z-scores of the grip strength with respect to published age-and gender-based norms of grip strength (Dodds et al., 2014) were À0.48 (SD = 0.85, N = 30) for the middle-aged participants and À0.56 (SD = 0.77, N = 31) for the older participants. Differences in reaction time between two age groups were not statistically significant.
Self-rating of cycling skills
The scree plot (i.e., the eigenvalues of the correlation matrix) of the 17 CSI items indicated that a two-factor solution was most appropriate (the first four eigenvalues were 7.33, 2.83, 1.23, and 1.07). The two-factor solution accounted for 54.9% of the variance: 40.8% and 14.1% for Factor 1 and Factor 2, respectively. The factor loadings are shown in Table 3 . The first factor consisted of twelve items, which reflect vehicle handling skills and perceptual and social skills related to prevailing circumstances on the road and thus the factor was labeled as 'motor-tactical skills' based on terminology proposed by Michon (1985) . The second factor consisted of five items that are similar to the original safety skills factor found among car drivers (Lajunen & Summala, 1995) . Thus, this factor was labeled 'safety skills'. There were no statistically significant differences between middle-aged and older participants for both extracted factors (p > 0.05). As can be seen in Table 3 , participants rated their skills as slightly better than an average cyclist of the same age (i.e., mean score < 3 on the five-point scale).
The majority of middle-aged and older participants rated their 'accelerating from standstill' and 'obtaining/maintaining speed' performance as better when riding the pedelec compared to riding the conventional bicycle (see Table 4 ). In general, participants reported to be slightly better on the other four performed tasks when riding the conventional bicycle compared to the pedelec (except for 'braking/stopping' among older cyclists). No significant differences were observed between middle-aged and older cyclists for self-rated cycling performance across two bicycles (p > 0.05).
Actual cycling performance
The means and standard deviations of the cycling performance measures per age group and per bicycle are shown in Table 5 . The results of independent two-sample t tests for the measures of steering and bicycle roll are also shown in Table 5 , and a summary of the 2 Â 2 mixed design ANOVA results for the speed and time measures is provided in Table 6 .
Steering and roll
Participants in Task 1 performed relatively small mean steering actions (i.e., mean absolute steering angles around 3 deg, see Fig. 3 , top left) while cycling at average speeds of about 7-8 km/h, which is a speed range for which human stabilizing is needed. Older participants had a significantly higher mean absolute steering angle than middle-aged participants while performing this task (means = 2.55 vs. 3.07 deg for middle-aged and older participants, respectively; t(57) = À2.927, p = 0.005). Note. Bold values refer to items with factor loadings of 0.3 or greater that were used in producing the composite scale (values of 0.3 or higher that are not in boldface indicate that the item was not used in producing the composite scale). Participants rated each item from 1 (much better) to 5 (much worse). a Cronbach's alpha, mean, and standard deviation were calculated for the concerning scale. a Each item was rated on a 7-point scale (without numbering), in which one pole was a conventional bicycle (1) and on the other pole was a pedelec (7).
An answer placed in the middle of the scale (point 4) indicated that the skill was reported as executed equally well on both bicycles. Notes. T1 -Task 1: Low-speed cycling, T2 -Task 2: Accelerating, T3 -Task 3: Shoulder check; p values < 0.05 are in boldface. A positive t statistic means that middle-aged cyclists had a higher score than older cyclists and a negative t statistic means that middle-aged cyclists had a lower score than older cyclists. '-' indicates that t test was not performed; see Table 6 for ANOVAs regarding the speed and time measures.
The mean absolute roll rate reported in Fig. 3 (top right) was also significantly higher for the older participants (means = 1.88 vs. 2.32 deg/s for middle-aged and older participants, respectively; t(57) = À4.013, p < 0.001). R 2 values between roll rate and steering rate were significantly higher for older participants than for middle-aged participants (t(57) = À2.405, p = 0.019).
Moreover, results showed significant differences between the two age groups in the delay between roll rate and steering rate (t(57) = 2.827, p = 0.006), in that the steering rate lagged the roll rate less among older participants compared to the middleaged participants (Table 5) . The results of Task 2 clearly show that the average steering angle decreased with increasing speed (Fig. 4, top left) . No significant differences were found between the two age groups in steering and bicycle roll measures in Task 2 (Table 5) .
Regarding Task 3 the mean absolute steering angle was small (about 2-3 deg) prior to head turn but grew substantially during the head turn for both participant groups riding on two types of bicycles (Fig. 5, top left) . This trend after the head turn was also observed for mean absolute bicycle roll rate (Fig. 5, top right) . Participants' age had a significant effect on the mean absolute steering angle in both subtasks of Task 3 (t(50) = À3.388, p = 0.001 and t(50) = À2.327, p = 0.024, for subtasks Notes. T1 -Task 1: Low-speed cycling, T2 -Task 2: Accelerating, T3 -Task 3: Shoulder check, p values < 0.05 are in boldface. Fig. 3 . Mean absolute steering angle (top left), mean absolute roll rate (top right), and mean speed (bottom) during low speed cycling (Task 1). The vertical dashed line indicates 5 s from the start, which is the moment from which data were used in the statistical analyses. For improved clarity of the figures, the absolute steering angle and the absolute roll rate were filtered with an additional low-pass (1 Hz cut-off frequency) forward and reverse filter. '3 s before head start -head start' and 'head start -head end', respectively) and on the mean absolute roll rate in the 'head start -head end' subtask (t(50) = À2.802, p = 0.007). Thus, older participants used more steering control than middle-aged participants when indicating direction by hand and performing the shoulder check (Table 5) .
As can be seen in the top left of Figs. 3-5, the absolute steering angle on both bicycle types was high at the start of each exercise (i.e., when speed was low) and decreased with increasing speed/time. Another noteworthy observation was that both middle-aged and older cyclists showed large individual differences in steering performance (see SDs in Table 5 ).
Speed and time
As shown in Fig. 3 (bottom) , cyclists slightly exceeded the instructed speed of 7 km/h in Task 1 on both bicycles during the whole task. The analysis of variance revealed a significant effect of bicycle type (means = 7.77 vs. 7.52 km/h for conventional bicycle and pedelec, respectively; F(1, 57) = 7.97, p = 0.007), but the effect of age was not statistically significant. Interaction effects 'bicycle type Â age' during Task 1 were not significant (Table 6) . Fig. 4 (bottom) clearly shows that when riding on the pedelec, participants accelerated faster compared to when riding on the conventional bicycle. Furthermore, middle-aged participants accelerated faster than older participants. Note that older participants on the pedelec reached the target speed after approximately the same number of seconds as middle-aged participants did on the conventional bicycle (means = 4.26 vs. 4.28 s, respectively). The analysis of variance showed a significant effect of bicycle type (F(1, 56) = 52.82, p < 0.001) and age (F(1, 56) = 11.21, p = 0.001), as well as an interaction between bicycle type and age (F(1, 56) = 17.41, p < 0.001). This interaction effect indicates that older participants benefited more from using a pedelec than middle-aged participants in terms of accelerating as quickly as possible to 16 km/h (Fig. 4, bottom) .
The analysis of speed in Task 3 showed there was a significant effect of bicycle type (F(1, 50) = 20.49, p < 0.001; F(1, 50) = 11.01, p = 0.002, for subtasks '3 s before head start -head start' and 'head start -head end', respectively). Participants rode faster on the pedelec than on the conventional bicycle while indicating direction by hand and shoulder check (Fig. 5, bottom) . In addition to the analysis of speed in Task 3, the time when participants turned their head was examined, but no significant effect of bicycle type nor age was found. As in Task 1, interaction effects 'bicycle type Â age' during Task 3 were not significant (Table 6 ).
Correlations between background variables, self-reported skills, and actual performance
As shown in Table 7 , correlations between self-reported skills (measured by the CSI) and actual cycling performance were rather weak and out of 30 correlations, only two were statistically significant. Specifically, participants who had better safety Table 7 Spearman rank-order correlations among all variables (performance measures were averaged across both types of bicycles). skills scores accelerated more slowly to the target speed of 16 km/h in Task 2 and had a shorter delay between roll rate and steering rate.
The correlation analysis also showed that high grip strength was positively related to (1) being male, (2) being young, and (3) a shorter time to reach the threshold speed of 16 km/h in Task 2. Reaction time positively correlated with total time in Task 2. Furthermore, females took longer to reach the target speed of 16 km/h in Task 2. Age was positively correlated with the mean absolute steering angle and mean absolute roll rate in Tasks 1 and 3, time measures in Tasks 2 and 3, and negatively with the time delay between roll rate and steering rate. Weekly distance traveled was inversely related to mean absolute steering angle when participants were looking over shoulder in Task 3 and also to the total time of this subtask (i.e., head start -head end). This suggests that more experienced participants performed the shoulder check subtask in shorter time and with lower mean steering angles.
Discussion
With the increasing use of new vehicle technologies such as pedelecs, it is imperative to determine how the vehicle technologies themselves and the characteristics of their users contribute to traffic safety. The popularity of pedelecs -particularly among older people who are considered as the most vulnerable group of road users due to their physical frailty (OECD, 2001 ) -led us to examine how age is associated with self-reported cycling skills and actual cycling performance.
Overall, the results of the low-speed cycling and shoulder check tasks showed that older cyclists maintain balance by additional steer and roll motions. On the contrary, no statistically significant differences in balancing the bicycles between two age groups were found while accelerating as fast as possible to a typical cruising speed.
It is interesting that older riders exhibited higher R 2 values and shorter time delays between roll rate and steering rate compared to middle-aged riders during low-speed cycling (Task 1). Similar results were found by Cain (2013) when comparing experienced and inexperienced cyclists. Specifically, in one of his experiments, Cain (2013) found that the R 2 s between bicycle roll rate and steer rate were lower for cyclists than for non-cyclists. As mentioned previously, riders stabilize a bicycle by means of two main control inputs: steering and upper-body lean (Kooijman & Schwab, 2013) . In addition, external perturbations such as crosswind can have a substantial effect on the dynamics of the bicycle (Schwab, Dialynas, & Happee, 2016) . Thus, the determinants of the relationship between roll rate and steering rate are complex. We believe it is possible that riders of different experience and age groups adopted a different posture and different types of upper-body movements while cycling, giving rise to the observed differences in the time delay and R 2 measures.
The older cyclists experienced difficulties at the operational level, when indicating direction with the left hand and when looking over the shoulder (Task 3). As mentioned above, the 23 cyclists (out of the 31 older participants) who were included in statistical analysis performed significantly more corrections per time unit to stabilize a bicycle than middle-aged participants. Older cyclists may benefit from technology fitted on the bicycle that makes the head-turn task easier for them (see Engbers et al., 2014 , for a recently developed technical solution: a rear-view assistant).
Consistent with previous research (e.g., Kallman et al., 1990; Shaffer & Harrison, 2007) , older participants had a lower grip strength and longer reaction times than middle-aged participants. The results also showed a negative relationship between grip strength and the time to reach 16 km/h. Moreover, we found a positive association between reaction time versus the time to reach the threshold speed (Task 2) and the mean absolute steering angle during performing the shoulder check (Task 3). In other words, a reaction time measurement obtained in stationary non-cycling conditions was predictive of several measures of cycling performance. However, it should be noted that grip strength and reaction time are not necessarily specific causal factors of cycling skill, but are also manifestations of general age-related physical and cognitive fitness (e.g., Der & Deary, 2006) . It is useful to point out that several previous studies have used a different approach, whereby reaction times were measured during cycling, either using a visual detection task (Vlakveld et al., 2015) or an auditory detection task (Wierda & Brookhuis, 1991) . These studies have found that both very young cyclists (6-8 years; Wierda & Brookhuis, 1991) and older cyclists (65 or older; Vlakveld et al., 2015) have higher reaction times than middle-aged cyclists, pointing to a reduced spare mental capacity while cycling (Vlakveld et al., 2015; Wierda & Brookhuis, 1991) .
Our field experiment confirms earlier research (Cain, 2013; Kooijman & Schwab, 2013 ) that the mean absolute steering angle was substantially higher at the start than after approximately first 5 s of the ride. These findings may have implications for the design of cycle lanes. For instance at intersections where cyclists usually have to stop and start, the lane width may have to be larger in comparison to straight sections when a high speed can be maintained (see Godthelp & Wouters, 1980 for further discussion).
The recorded data shown in Figs. 3 and 4 (top right) suggest that roll angle rates while cycling at low speed (Task 1) and accelerating (Task 2) were lower for the pedelec than for the conventional bicycle. This can be explained by pedaling which is performed with greater physical exertion on the conventional bicycle. This tentative explanation can be used as a basis for future research to more clearly demonstrate the interaction between bicycle types, pedaling, and roll motion.
The second research question in this study examined whether participants on a pedelec adopt different speeds than the same participants on a conventional bicycle. When participants cycled at their own pace (Task 3), they adopted a higher speed on the pedelec than on the conventional bicycle, which is consistent with previous research (Dozza et al., 2016; Schleinitz et al., in press; Vlakveld et al., 2015) . Moreover, when instructed to accelerate as quickly as possible (Task 2), participants reached the 16 km/h threshold speed sooner on the pedelec than on the conventional bicycle, an effect that was most pronounced among the older cyclists. A comparison of the accelerations on the parking lot with accelerations from standstill at traffic lights (during the 30-min rides that took place before the present parking lot exercises) showed that whereas there was a significant effect of bicycle type up to 6 km/h on the parking lot, the effect was not significant at the traffic lights (Platteel et al., 2015) . When accelerating up to 10 km/h (data analyzed between 6 and 10 km/h) participants gained the threshold speed more quickly on the pedelec than on the conventional bicycle regardless of the traffic context. The emerging conclusion here appears to be that cyclists can reach the desired speed faster on the pedelec, but in actual traffic cyclists benefit from the assistance provided by the electric motor to accelerate with less physical exertion rather than to accelerate faster (see also Schleinitz et al., in press ).
An interesting finding was that older participants on the pedelec reached the threshold speed in approximately the same amount of time as middle-aged participants did on the conventional bicycle. Furthermore, the average speed of older people on the pedelec was approximately the same as the speed of the middle-aged cyclists on the conventional bicycle during the shoulder check. These results are in line with those obtained during the 30-min rides ridden on both bicycles before parking lot exercises (Vlakveld et al., 2015) and with the German Naturalistic Cycling Study (Schleinitz et al., in press) in which the low speed among older participants was interpreted as a compensation for reduced functioning (i.e., cyclists reduce their speed in situations involving high physical or mental demands; see also Fuller, 2005) .
Consistent with literature on car driving, participants on average rated themselves to be better than an average cyclist of the same age. Specifically, across all 17 items of the CSI, in 45.7% of the cases participants rated themselves ''better" or ''much better" than the average cyclist, while only 4.5% rated themselves as ''worse" and ''much worse". Such a finding is commonly regarded as an illusion, because (if participants are representative of the population) it is extremely unlikely that most of drivers or riders are truly more skilled that the average driver/rider (Taylor & Brown, 1988) . For methodological issues and explanations referring to distortions in social judgements and cognitive illusions which provide possible explanations for these findings, see Sundström (2008) .
The third research question examined participants' own assessment of motor-tactical and safety skills and its correlation with actual cycling performance. Correlations between self-reported skills (measured by the CSI) and actual performance were weak and mostly not statistically significant. In addition to imprecisions of self-assessments, a possible explanation for the fairly low association between the questionnaire responses and actual cycling measures is that the CSI included a variety of skills (i.e., motor skills, perceptual skills, emotional skills, safety skills) whereas during the exercises on the parking lot the focus was on motor skills.
The fourth research question investigated whether participants believe their performance during field test was better on the conventional bicycle than on the pedelec, or vice versa. Participants believed that they could accelerate from standstill better on the pedelec than on the conventional bicycle, which concurs with the results of Task 2. In general, participants did not perceive large difference in control and maneuvering between the two bicycle types.
Several limitations should be considered when interpreting the results of the present study. First, self-selection bias should be kept in mind when interpreting the results. The cyclists voluntary participating in this study may have been more fit than an average older person. Thus, this study may have under-sampled the very old participants who are unable to ride a conventional bicycle. The average daily distance cycled by our participants was two to three times higher than the distance cycled by the average Dutch person (see CBS, 2015) , which can be explained by the fact that only people who cycled regularly participated in our experiment. Second, all tasks were performed in a safe environment without other road users. As we discussed, cyclists may perform differently when conducting exercises on a parking lot compared to when riding in actual traffic (see Platteel et al., 2015) . Third, despite the use of high quality sensors, we did not compare the bicycles on steer and roll rate measures by means of statistical tests because of small differences in the accuracy of these sensors. Consequently, the results do not provide a comprehensive insight into how the greater mass of a pedelec and available cycling power affects the cyclist's performance. Although we have no reason to suppose that any systematic bias exists in the present results, it is possible that small differences in calibration, play, or mounting of the sensors distort the results, especially when considering that high-frequency vibrations are omnipresent in cycling data. Note that this limitation only concerns comparisons between bicycles; the assessment of effects within bicycles (i.e., age effects, correlations with self-reports) is not susceptible to this problem. Fourth, the research design of this study does not permit drawing conclusions on whether cyclists overestimate or underestimate themselves. Future research can shed more light on this topic by relating cyclists' self-assessment to reference values in standardized cycling exercises and an examiner's assessment.
Conclusions
The results of the present study showed that cyclists aged 65 and over maintained balance by additional steer and roll motions during low-speed cycling at 7 km/h and looking over the shoulder, as compared to middle-aged cyclists. Moreover, our results showed that pedelecs allowed older cyclists in particular to accelerate quickly to cruising speed. Consistent with literature on car driving, cyclists rated themselves to be better than average cyclists of the same age. Additionally, selfreported motor-tactical and safety skills were not strongly associated with measures of actual cycling performance. The age-related differences in cycling performance may have to be taken into account when designing interventions to support cycling safety. However, the challenge remains to determine whether a pedelec affects the risk of crashing as compared to conventional bicycles, and whether any increase in bicycle crashes should be attributed to population aging and/or to the bicycle characteristics. Future field studies are needed in the actual traffic environment to investigate how task demands at the tactical level (i.e., traffic situations) influence the task execution at the operational level (e.g., keeping balance, accelerating).
